Cities are characterized by different physical properties of surface compared to their rural counterparts, resulting in specific regime of the meteorological phenomenon. Our study aims to evaluate the impact of typical urban surfaces on the centralEuropean urban climate in several model simulations, performed with the WRF and RegCM models. The specific processes occurring in the typical urban environment are described in the models by various types of urban parametrizations, greatly 5 differing in complexity. Our results show that all models and urban parametrizations are able to reproduce the most typical urban effect, the summer evening and nocturnal Urban Heat Island, with the average magnitude of 2-3
model to be fit for purpose' and even a simple approach suffices if the most relevant processes are included. This implies that the general goal should not only be the continuous development of more complex urban modelling approaches, but also their inter-comparison and contrasting with simpler techniques. Such inter-comparisons are important in terms of driving models and meteorological conditions as well. Finally, as background climate is a strong factor influencing the UHI and other urban effects (Zhao et al., 2014) , long-term simulations are necessary to reveal the long-term variability of these effects.
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Our study aims to contribute to the above mentioned works by looking at the uncertainty of UHI modelling associated with selection of the driving meteorological model and the underlying UCM. Another goal is to investigate the benefits of more sophisticated urban parametrizations with respect to simple approaches in the light of the conclusions of Best and Grimmond (2015) . The work will focus not only on averaged values but on variability and extreme values as well that are crucial in assessing the urban impact on environment and human life. The work also presents the urban impact on poorly observed or 10 immeasurable variables in the city and its surroundings, e.g. temperature and wind profiles or boundary layer height. Lastly, it evaluates also air-quality related meteorological quantities that directly influence pollutant dispersion, which is an important precondition for urban air quality. All these issues will be evaluated in long-term perspective using 10 yr long simulations.
Methods

Models, Urban parametrizations
15
In our study, two meteorological models are used, the Weather Research and Forecasting model (WRF) and the regional climate model version 4 (RegCM4). The WRF model (Skamarock et al., 2008 ) is a mesoscale, non-hydrostatic limited area meteorological model, developed originally for weather prediction, but also widely used as a regional climate model. All simulations used in this study are performed by WRF version 3.7.1, which enables connection with Bulk, SLUCM, BEP and BEP/BEM urban parametrizations (description below).
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The second model used in this study, RegCM4, is described in detail by (Giorgi et al., 2012) . RegCM4 is a mesoscale, non-hydrostatic (hydrostatic dynamics included) limited area regional climate model developed at the International Centre for Theoretical Physics (ICTP). Simulations performed for this study were executed by RegCM model version 4.4, which offers connection with two different models of land-surface processes: Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al., 1993) and the more detailed scheme called Community Land Model version 4.5 (CLM4.5; Lawrence et al., 2011; Oleson 25 et al., 2013) . Both land-surface schemes include parametrizations of the urban canopy detailed further.
The simplest way to capture the impact of urban surfaces is to adapt values of parameters representing surface characteristics such as roughness length, surface albedo, heat capacity, soil thermal conductivity and green-vegetation fraction for urban environment conditions, which represent a zero-order effect of urban surfaces (Chen et al., 2011) . By default, The WRF model uses values of these parameters obtained by (Liu et al., 2006) . This approach is most often called the Bulk parametrization 30 (Chen et al., 2011; Lee et al., 2011) , sometimes also referred to as a slab model (Kusaka et al., 2001; Kusaka and Kimura, 2004) . In further, we will refer to it as the Bulk parametrization.
The Single-Layer Urban Canopy Model (SLUCM; Kusaka et al., 2001; Kusaka and Kimura, 2004 ) represents a next level of model approximation of the urban meteorological phenomena. Here, the city is assumed as an infinitely long street canyon with different prescribed orientations. This enables to include shadowing, reflections and trapping of radiation. Further, this model distinguishes temperatures of roofs, walls and roads and profiles within these surfaces. For wind, an exponential profile is assumed. The total sensible heat flux from all surfaces, the total momentum flux and friction velocities are then returned 5 back to the land-surface and boundary layer schemes of the driving models. The CLMU urban parametrization (Oleson et al., 2008) , implemented in the RegCM model under the CLM4.5 land surface scheme, is also based on canyon representation of urban areas and is conceptually very similar to SLUCM.
The most sophisticated urban parametrization used in this study is the multi-layer urban canopy model called Building Environment Parametrization (BEP; Martilli et al., 2002) . Its main benefits lie in allowing the computation of vertical pro-10 files of temperature, momentum and turbulent kinetic energy within urban canyon explicitly, taking into account the vertical distribution of the sources and sinks of heat, momentum and moisture, and its direct interactions with the boundary layer parametrization.
The BEP urban model can be improved by using a scheme that computes the energy exchange between the atmosphere and the interior of the building. The WRF model implements such scheme, called Building Energy Model (BEM) developed 15 by Salamanca et al. (2009) . In opposite to SLUCM, which enables only simple inclusion of the Anthropogenic Heat (AH) with constant daily profile and annual profiles, the BEM allows both double-sides energy exchange and computing of the AH depending on specific weather conditions, which makes the AH flux more realistic. To achieve this, the BEM takes into consideration the following processes: heat and radiation transfer between indoor and outdoor area, heat and radiation transfer between indoor walls and floors, indoor heat generation by human bodies and machines and finally ventilation, heating and air 20 conditioning (Chen et al., 2011) .
Experimental setups
All simulations performed within this study were run on a 160×120 domain centred over Central Europe, with 10 km×10 km horizontal resolution (Fig. 1) . In vertical direction, 30 and 23 levels are considered for WRF and RegCM, respectively. The model top is 50 hPa in both cases. The simulation time-span is 10 years (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , without any restart or nesting procedure.
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As meteorological boundary conditions, the ERA-interim (Dee et al., 2011) dataset is used. For static geographic data, standard WRF and RegCM input USGS-based data are used. The standard WRF land-use input includes only one urban category type. In case of RegCM experiments with the CLM4.5, urban land-use percentage was derived from the 0.05 • resolution LandScan2004 data described by Jackson et al. (2010) . They provide urban canyon parameters and surface characteristics. For the RegCM with the BATS/SLUCM, 2 km × 2 km sub-grid was applied for surface processes. Each sub-gridbox is considered to be covered by 30 one land-use type. Urban and sub-urban categories are considered. In order to have consistent land-use data for both RegCM setups, we set the number of urban and sub-urban sub-gridboxes to correspond to the fraction defined in case of the CLM4.5 urban setup. Urban canopy parameters used by urban schemes are adapted to urban environment in Prague and are listed in For the WRF model, simulations were performed with its hydrostatic version. For the radiation transfer, RRTMG scheme (Iacono et al., 2008) is used for both long-and short-wave spectrum. Microphysical processes are resolved by the Morrison double-moment scheme (Morrison et al., 2009) . Further, the Noah Land Surface Model (Chen and Dudhia, 2001 ) is chosen for the description of the land-surface processes, surface layer processes are parametrized according to Janjić (1994) , planetary boundary layer is resolved by Mellor-Yamada-Janjic scheme (Janjić, 1994) and Tiedtke scheme (Tiedtke, 1989 ) for convection 5 is used.
In case of the RegCM model, also the hydrostatic version is used. Radiation transfer is resolved by NCAR Community Climate Model Version 3 (CCM3; Kiehl et al., 1996) . The Holtslag scheme (Holtslag et al., 1990 ) is applied to planetary boundary layer processes. For large-scale precipitation and convection, the SUBBEX (Pal et al., 2000) and the Grell schemes (Grell, 1993 ) are used, respectively. As already noted, the RegCM model includes two different parametrizations of land-10 surface processes, specifically the more simple and older BATS (connected with SLUCM urban scheme), which is configured with 2 km×2 km sub-grid setting, and the more detailed CLM4.5 (connected with CLMU urban scheme). The aim of this study is to determine the impact of cities on climate. To this end, two types of simulations are performed:
firstly simulations with cities (or urban surfaces in general) using the unaltered geographic data and, secondly, simulations where urban surfaces are removed from geographic data and replaced by the dominating land-use category in its surroundings (crops in the majority of cases). Unfortunately, the models adopted do not allow for connection with all listed urban models.
However, all allowed and meaningful combinations are considered. The summary of the simulations performed is provided by 5 Table 2 .
Observational data
For the basic validation of model outputs, the E-OBS (v. 12.0) dataset (Haylock et al., 2008 ) is used. E-OBS includes a 0.25
• ×0.25
• resolution gridded data of temperature and precipitation for the whole modelled period. The ECAD data (Klein Tank et al., 2002) including station-based temperature means, maxima and minima are used for evaluating the tem- Another important question is how are the models able to predict the temperature difference between urban area and its 10 non-urban vicinity. To evaluate this, we chose three big cities, Berlin, Munich and Prague, as they are located inland without significant orographic variation that would mask the urban canopy effects. We took one station from each city center (BerlinMitte, Munich-Bogenhausen and Prague-Karlov) and one from its surroundings (Berlin-Schönefeld, Munich-Flughafen and Prague-Ruzyně). To prevent the impact of different altitudes of the listed stations and grid-points, adjustment was performed using standard temperature moist adiabatic gradient of 0.65 K/100 m. As written above, the urban versus rural temperature 15 difference can vary substantially depending on the specific weather conditions, time of the day and year. We therefore focus on the distribution of these differences (Fig. 4) . The range between the 5th and the 95th percentile is mostly well captured, but often overestimated in the simulation using the most sophisticated urban model WRF-BEP+BEM. Also, the distribution Over Prague, hourly temperature data are available for both the city center and from a station in the surrounding area, which enables a detailed comparison of temperature daily cycles. Again, the adjustment of temperature to the sea level was 5 performed using the standard temperature lapse rate. Results are shown in Fig. 5 . Modelled values are often significantly biased (e.g. winter minima and summer maxima by WRF, daily means by RegCM in spring, summer and autumn). Furthermore, the diurnal temperature range is evidently overestimated by the WRF model with the exception of winter and underestimated by the RegCM model, which is consistent with the domain averaged temperature biases (Fig. 2) .
We are also interested in temperature differences between the city center and its surroundings. Figure 5 . Averaged temperature daily cycles (
• C) in the Prague city center (station Karlov, red) and its surroundings (station Ruzyně, green).
The comparison of modelled (solid) and measured values (dotted). The time axis corresponds to UTC.
Benefits of more complex approaches of urban parametrizations
In this section, we will show the long-term impact of urban surfaces on meteorological conditions both near the surface and at higher altitudes. This can give us an insight into the impacts of urban environment on selected immeasurable meteorological variables. At the same time, we will evaluate the benefits and/or disadvantages of the specific model approaches. First, the impact of urban surface to the temperature is shown (Fig. 6 ). Temperature daily cycles pertain to the city of Prague and its 5 surroundings. More specifically, the city center value is taken from a grid-point with a position closest to the actual city center and containing the urban land-use. The surroundings are defined as a square ring of grid-points with a distance of two gridpoints around the central grid-point. For comparison, values from the simulations with urban land-use removed are also taken into consideration, in this case from both the central grid-point and the square ring.
As stated in the previous section, all model approaches are able to capture evening and nocturnal UHI in the warm season,
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although the magnitudes differ. The BULK model increases summer temperature maxima more than the urban canopy models, which is probably caused by disregarding the three-dimensional character of urban areas. The winter temperature cycles differ more between each other, which is consistent with the substantial differences in the implementation of the Anthropogenic Heat production. The differences between the temperature profiles and profiles given by non-urban simulations over city surrounding are very low, indicating that the impact of the city on its surroundings over a distance of a few tens of kilometres is minor.
15
The impact of urban surfaces on the height of the planetary boundary layer (PBLH) is plotted in Fig. 7 . It could be expected that the PBLH will be increased by higher intensity of friction in the urban environment and by increased buoyancy due to temperature increase. Model results indeed show PBLH increase during the whole day except morning hours, when temperature increases are minimal, too. In winter, model results differ much more than in the rest of the year, in agreement with the temperature profiles. Again, impact of the city to its surroundings is mostly negligible, though in winter in the RegCM 20 simulations, the value is about a few tens of meters. There is a significant difference in the PBLH between the two models; e.g.
the PBLH is about 25 % lower in the RegCM model in comparison to the WRF model in summer.
In terms of the urban surface impact on wind speed (Fig. 8) , the results show significant differences between individual models and urban schemes. Only a minor impact is detected in the WRF-BULK simulation, while much higher impacts are detected in the WRF-SLUCM and WRF-BEP+BEM simulations. On the other hand, impacts in the RegCM simulations are 25 low (especially in summer), despite of using the urban canopy model. There is a clearly visible wind speed increase during daytime in all WRF simulation, caused probably by thermal processes and convection. In the evening, when the UHI manifests, these processes have higher intensity in cities than in their surroundings. During the evening, the differences in wind speed between city centres and their surroundings are also lower. In the RegCM simulations, summer wind speed daily amplitude is rather small with hardly visible hourly variation.
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Similarly to their effects on surface variables, the impacts of urban surfaces on vertical profiles of meteorological variables are computed from the difference between simulations with and without urban land-use. In Fig. 9 , the impact of the urban surfaces on vertical distribution of temperature is shown over three selected cities (Berlin, Munich and Prague). In most of cases, this impact is visible up to the altitude of approximately 1 km in winter, and 2 km in summer. In general, the urban Temperature in urban area (red), near urban (green), all without urban LU (black) Wind speed in urban area (red), near urban (green), all without urban LU (black) effects in simulations with RegCM propagate to higher altitudes, however, the magnitudes close to the surface are usually smaller than in WRF. In winter, they are mostly between 1-2
• C in average. The W-BB simulations seems to be the warmest over cities but as said, over higher altitudes, the impact in RegCM is higher. In summer, the spread between models and urban parametrizations is smaller, mainly due to the fact that anthropogenic heat (which is not included in all experiments) plays a smaller role here. During this season, the effects in WRF sharply become small over the altitude of 200 meters, while in 
Consequences to pollutant dispersion
Although this study is not investigating the impact of the urban surfaces on air quality, e.g. by using a coupled meteorological and chemical-transport model, we would like to outline a basic concept of how the urban surfaces impact the air quality due to modified weather and climate conditions. To achieve this, we will evaluate impacts of the urban surfaces on variables which describe the ability of the atmosphere to disperse pollutant plumes. First, this ability is given by the cleaning effect of the 5 wind in the boundary layer, secondly by convection and thermally inducted turbulence. To quantify these effects, we chose two indexes used by the Czech Hydro-Meteorological Institute (CHMI). The cleaning effect of the wind is described by the Ventilation Index (VI; Hardy et al., 2001 ):
where v is the mean (in vertical) wind speed within the boundary layer. The dispersion effect of convection and turbulence is 10 quantified by the Stability Index (SI; Bubník et al., 1998) , which indicates the vertical stability of the atmosphere:
where T 2 m is the ground temperature, T 850 hP a the temperature at the 850 hPa level and H 850 hP a the mean altitude of the 850 hPa level.
Due to the fact that the wind speed is decreased by cities and conversely the PBLH is increased, it is not possible to simply 
Discussion
The WRF simulations are characterized by the mean temperature biases lower than 1
• C (Fig. 2) , making them a reasonable basis for the analysis of the effects of urban surfaces. Mar et al. (2016) using WRF model over Europe reached lower temperature biases for their domain, but these values are highly dependent on the chosen physical parametrizations, domain parameters and the area of interest, as described by Katragkou et al. (2015) . This is true for both temperature and precipitation biases.
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The RegCM simulations with the BATS land-surface scheme give temperature biases that are comparable with Huszar et al. (2016) , who also employed the RegCM model with the BATS scheme. The highest temperature biases from all simulations were detected for the RegCM model with the CLM4.5 scheme. The precipitation is captured much better by the WRF model than by the RegCM model, which exhibits high precipitation overestimation. The annual cycle given by the RegCM simulation with the BATS is distinctly different from the cycle presented by Huszár et al. (2016) , with the precipitation maxima occurring 10 in winter instead of summer, given by Huszár et al. (2016) as well as the observational E-OBS data. For the CLM4.5 scheme, the precipitation characteristics are similar in shape, with strongly expressed biases. Torma et al. (2011) and Zanis et al. (2015) , using an earlier version of the RegCM and performing experiments with similar resolution, concluded that the Grell convective scheme tends to overestimate precipitation over mountainous regions. Another contributing factor can be the too wet model atmosphere caused by increased evaporation, which is indeed observed in the BATS scheme (Winter et al., 2009) overestimation of precipitation can be attributed to the autoconversion and raindrop evaporation rate -these parameters were tuned by Torma et al. (2011) , who tried to reduce the precipitation bias in the RegCM. However, even with this tuning some positive precipitation still remained. The observed temperature bias links to the precipitation bias: too wet model atmosphere leading in increased cloudiness and/or precipitation resulting in lower insolation reducing the surface temperatures.
The histograms of temperature differences between city centres and their surroundings (Fig. 4) show that models are able 5 to capture the different intensity of the UHI, depending on the specific weather conditions. Model ranges of temperature differences are often even higher compared to the reference data. The urban parameters (Table 1) were chosen to describe the urban environment corresponding to the city of Prague. This can be one of the reasons why the UHI was captured with the highest agreement for this city and this stresses the importance of accurately setting urban canopy parameters. While Sarkar and De Ridder (2011) showed that the summer UHI intensity is underestimated by simple urban model in the city of Paris (by (2016) and Sharma et al. (2017) arrived to the same conclusion that suggests our results. Our results are well in line with the urban canopy induced temperature increases modelled by Trusilova et al. (2008) for central Europe, who used a single-layer urban canopy model, although our WRF-SLUCM simulation, which is closest to their setup, shows rather overestimation. The W-BB simulation has a slightly different character in this regard, exhibiting over-sensitivity to the urban canopy forcing as it 15 reacts to urban surface with a much stronger increase of the winter temperature, the summer UCI and winter minima compared to other models. This feature can be partly seen in Liao et al. (2014) , where the BEP+BEM also gives the highest summer temperature minima and increases the winter temperature mean. However, in their study, which focused on the Chinese urban environment, the BEP+BEM scheme gives daily temperature profiles that are the closest ones to the reference data. This may indicate that input data can be one of the reasons why this urban canopy model performs less accurately. Further, the too strong response in the BEP+BEM setup can also be caused by unfulfilled preconditions in the central European cities: e.g. no air 5 conditioning but instead, using of window blinds.
In all simulations, negative winter temperature biases (Fig. 5 ) are consistent with biases in Fig. 4 . This is also true for higher summer temperature maxima given by the WRF model, and for lower temperatures in spring, summer and autumn given by the RegCM model, especially with the CLM4.5 scheme. The diurnal temperature range (DTR) is overestimated in the summer season similarly to Liao et al. (2014) . In the RegCM model, the DTR is underestimated, contrary to Huszar et al. (2014), 10 where the DTR is rather overestimated. In terms of differences between the city and the surrounding areas, there is a good agreement in the summer morning minimum of temperature difference, except for the W-BB simulation, in which due to the over-sensitivity of the urban effects, a strong UCI occurs. The lower intensity of the evening and nocturnal summer temperature increase given by the RegCM model is very similar to Huszar et al. (2014) .
In general, simulations are able to capture the summer evening and nocturnal UHI ( which is in agreement with Liao et al. (2014) . Also the evening and nocturnal UHI is the most intense in the WRF-BULK simulation, same as observed in Sharma et al. (2017) , who also compared urban parametrizations in the WRF model for summer episode for different urban types. In winter, there is a more notable difference between specific simulations. The simple BULK scheme gives only a small impact of the urban environment (Fig. 6 ), in comparison to other simulations with 20 urban canopy schemes. This is probably caused by disregarding anthropogenic heat. Regarding the temperatures, advantages of more complicated urban environment schemes seem to be only minor, perhaps the most evident improvement occurs with the winter UHI. Our results rather indicate that the most sophisticated scheme (BEP+BEM) often over-emphasizes the urban effects, e.g. the summer morning UCI, which can only appear if specific weather conditions occur (Theeuwes et al., 2015) , or the increased winter UHI. This conclusion contrasts with the results of Trusilova et al. (2016) , where the multi-layer scheme is 25 the only scheme that is able to correctly capture the summer UHI daily cycle. All model simulations produce the temperature maximum time-shift about 1-2 hours for the Prague city center, in all seasons. This is in agreement with idealized temperature profiles for urban and rural areas given by Oke (1982) and also with observed values for the Prague area, showed by Huszar et al. (2014) or partly by Fig. 5 (besides summer).
In terms of the urban environment impact on the planetary boundary layer height, the differences between specific simula-30 tions are more apparent. As expected from the underlying physics and as shown in Fig. 7 , the PBLH urban increase is generated by higher intensity of friction and by increased turbulent mixing caused by temperature increase. In winter, despite the low intensity of UHI, the PBLH is increased mainly by greater friction. Conversely, in the summer mornings, when the UHI is zero, there is no PBLH increase in any simulation, because the absolute value of the PBLH is too high to be impacted by friction.
The BEP+BEM simulation gives the greatest increase of the PBLH, which is consistent with Liao et al. (2014 The impact of the urban surfaces on the wind speed in 10 m is also highly dependent on the used urban scheme and the model (Fig. 8) . Only a low negative impact, mostly less than 1 m s −1
, is indicated in all RegCM simulations. This is consistent with the results by Huszar et al. (2014) and also by Huszár et al. (2018) , with smaller impacts in summer than in winter. Except for the BULK scheme, the WRF model gives a greater wind speed reduction for the city (between 1 and 2 m s Similarly to impacts of urban surfaces on the 2 m temperature, the WRF model with the BULK and SLUCM scheme produces only small changes in overall temperature profile, in winter (Fig. 9) . The W-BB simulation and both RegCM simulations 10 alter the profile more significantly. In summer, the impacts in individual simulations are much more similar to each other. A weak negative impact at higher altitudes, between 2 and 10 km, indicated by Huszar et al. (2014) in their RegCM simulation, also appears, but the magnitude is negligible. As same as in Fig. 4 , the overestimated average winter UHI at low levels (caused probably by unfulfilled preconditions for the AH flux computation) in WRF-BEP+BEM simulation leads to the opposite annual cycle of the UHI intensity in the Prague, which contrasts with observations. The UHI annual cycle is also opposite for 15 the both RegCM simulations, which is caused by slightly overestimated winter UHI and slightly underestimated summer UHI.
In RegCM, the AH was prescribed as annual mean and monthly disaggregation factors, which decompose this annual value into monthly values. From the results, we can conclude that the winter AH release is probably too high leading to the UHI overestimation in winter.
Maybe it is the impact of urban surfaces on the wind speed profile (Fig. 10 ) where individual models/parametrizations differ 20 the most, and not only in the shape of the profile but also in the magnitude both near the surface and at higher elevations up to a few hundreds of meters. Correct simulation of wind profiles and the whole structure of the PBL in urban environment is crucial for air-quality oriented studies and our results indicate that large uncertainty lies in the selection of the model-UCM pair.
In terms of the impact of the urban surface on the ventilation index (Fig. 11) , there is one important question: why are the 25 winter distributions given by the RegCM model flatter than distributions given by the WRF model? One reason is that the negative impact of the urban surface on the surface wind speed is much weaker in the RegCM model and also the averaged RegCM surface wind speeds are higher in cities as well as in their surroundings (Fig. 8) . The second reason is that the PBLH computed by the RegCM model is higher during the night, when weather conditions unfavourable to pollutant dispersion usually occur. The RegCM-SLUCM simulation gives the highest winter PBLH during all times of day. The winter urban VI 30 increase can be explained by the increased PBLH, which means that the averaged wind speed is computed from a thicker boundary layer, so the lower surface wind speed in the city impacts the VI only slightly, due to the general wind speed increase with the altitude and the low impact of cities on the wind speed profile (Fig. 10) . In summer, the small increase of the urban VI is caused mainly by the PBLH urban increase, manifesting for only some parts of the day. However, during the night, when the PBLH has the lowest value, the urban PBLH increase occurs and the urban VI is also increased. urban surface impacts on the VI, the impact may be negative during some parts of the day. For instance, in morning hours, when the intensity of the UHI is zero, the urban PBLH is not increased, but the wind speed is decreased, leading to decreases in urban VI.
The impact of the urban environment on the SI (Fig. 12) shows several interesting features. A strong peak in the SI distribution appears for zero SI in all seasons and daytimes. In winter, the frequent occurrence of elevated temperature inversions 5 probably induces this maximum. In summer, rainy episodes are likely responsible, due to great thermal capacity of water, equalizing the surface and the 850 hPa temperature. Conversely, a windy episode should cause strong mixing; the SI then falls between the values of the adiabatic gradient for dry or saturated air, i.e. between 0.6 and 1·10 increases in the city, due to better mixing of primary pollutants caused by higher boundary layer and by greater intensity of the turbulence in the urban environment. We can assume that the urban environment impact on the surrounding rural VI and SI will be negligible, because the impact of cities on the rural temperature, PBLH and wind speed is also mostly negligible.
Conclusions
We performed series of simulations with the WRF and RegCM models, together with different descriptions of the urban 20 environment. The simulations were focused on the area of the central Europe, with 10 km horizontal resolution, over the 2001-2010 period. Effects of cities were detected from differences between results of simulations with and without urban surfaces included. The validation of urban impacts on the temperature was performed using the station data from the ECAD and from the Czech Hydro-Meteorological Institute.
Our study shows that in the long-term averages, all urban schemes are able to capture the main urban meteorological feature, 25 the evening and night-time city temperature increase (called UHI), which mainly occurs in the summer season with the intensity of 2-3
• C on average. Moreover, all models also reproduce the morning temperature equality of the city and its surroundings.
From the perspective of the temperature, there is no significant improvement of model outcomes stemming from the use of a more complicated urban scheme. This is true not only for averaged daily temperature profiles in the city against its surroundings, but also for entire distributions of their differences, including daily extremes. In winter, the city temperature impacts at the surface. Due to the absence of reference data for these poorly observed variables, we are unable to assess which 5 model setup gives the best results. However, our results are mostly consistent with the outcomes of previous studies, and should therefore provide a reasonable basis for the study of the effects of urban surfaces.
The evaluation of the indices describing meteorological conditions from the perspective of the pollutant dispersion showed that the urban environment slightly improves these conditions in comparison to the non-urban setup, except during the summer days. This is true for both the cleansing effect of the wind and the dispersion effect of convection and turbulence. However, it 10 must be stressed that only the concentration of primary pollutants can be decreased by urban effects (e.g. particulate matter, sulphur and nitride oxides), not the secondary pollutants that are created in the atmosphere (e.g. ozone), as shown by Huszár et al. (2018) .
Code and data availability. The source code of the WRF model is publicly available (after registration) on http://www2.mmm.ucar.edu/wrf /users/download/get_source.html. The modelled data used in this study can be provided upon request to the corresponding author.
